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In this paper we discuss the design and development of TRAK (Taxonomy for RehAbilitation of Knee con-
ditions), an ontology that formally models information relevant for the rehabilitation of knee conditions.
TRAK provides the framework that can be used to collect coded data in sufﬁcient detail to support epi-
demiologic studies so that the most effective treatment components can be identiﬁed, new interventions
developed and the quality of future randomized control trials improved to incorporate a control interven-
tion that is well deﬁned and reﬂects clinical practice. TRAK follows design principles recommended by
the Open Biomedical Ontologies (OBO) Foundry. TRAK uses the Basic Formal Ontology (BFO) as the
upper-level ontology and refers to other relevant ontologies such as Information Artifact Ontology
(IAO), Ontology for General Medical Science (OGMS) and Phenotype And Trait Ontology (PATO). TRAK
is orthogonal to other bio-ontologies and represents domain-speciﬁc knowledge about treatments and
modalities used in rehabilitation of knee conditions. Deﬁnitions of typical exercises used as treatment
modalities are supported with appropriate illustrations, which can be viewed in the OBO-Edit ontology
editor. The vast majority of other classes in TRAK are cross-referenced to the Uniﬁed Medical Language
System (UMLS) to facilitate future integration with other terminological sources. TRAK is implemented
in OBO, a format widely used by the OBO community. TRAK is available for download from http://
www.cs.cf.ac.uk/trak. In addition, its public release can be accessed through BioPortal, where it can be
browsed, searched and visualized.
 2013 Elsevier Inc. All rights reserved.1. Introduction
Knee injuries are frequent and account for 40% of musculoskel-
etal injuries with 40–50% not fully recovering and becoming
chronic [1–3]. Rehabilitation is recommended for knee conditions
that range from acute soft tissues injuries to chronic knee pain,
osteoarthritis and post surgical interventions [4–7]. Its aim is to
help individuals maximize their functional performance in interac-
tion with the environmental and personal factors. Successful reha-
bilitation has been deﬁned as being patient-centered and
empowering individuals to take back control of their lives follow-
ing injury or illness [8]. A vast amount of research and systematic
reviews have evaluated the clinical effectiveness of rehabilitation
modalities for knee conditions. Despite this it is difﬁcult to develop
speciﬁc rehabilitation guidelines because of limitations in the
methodology or design of such research, which has failed to dem-
onstrate statistically signiﬁcant difference between ‘standard’ care
and the ‘experimental’ rehabilitation under investigation [9–13].Models of care have been applied to the management of knee
conditions to accommodate the complexities related to the spec-
trum of conditions and individual modifying factors related to
the person, pathology, environment and psychosocial factors
[14–16]. Recurring limitation of these models is failure to deﬁne
rehabilitation content in sufﬁcient detail, acknowledge the com-
plexity of intervention and use standardized terminology to de-
scribe treatment [17]. In clinical practice multiple modalities will
often be administered within a treatment session or over the
course of rehabilitation, but the most beneﬁcial part of this inter-
vention to the patient remains unknown [17]. This means that
‘standard care’ needs to be deﬁned so that the most effective treat-
ment components can be identiﬁed, new interventions developed
and the quality of future randomized control trials improved to
incorporate a control intervention that is well deﬁned and reﬂects
clinical practice. A formal ontology of rehabilitation concepts and
modalities based on current research evidence and expert clinical
opinion is the ﬁrst step towards this goal. Such an ontology, as a
scientiﬁc model that support clear communication between users
and stores information in a structured form, thus providing sup-
port for automated processing [18], can be incorporated into a doc-
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of knee rehabilitation. Finally, data mining methods can be applied
against the collected data in order to quantify the relation between
rehabilitation modalities and their outcomes so that ‘optimal care’
for knee conditions can be deﬁned.
The immediate aim of this investigation was to deﬁne ‘standard
care’ by assembling a taxonomy of treatment concepts and modal-
ities that comprehensively describes the most prevalent ap-
proaches to rehabilitation of knee conditions used in current
practice. The long term aim was to develop an ontology that can
support systematic data capture of all information relevant for
studying the effectiveness of different approaches to rehabilitation
of knee conditions. In addition to information about treatments,
this task requires other types of relevant information to be coded,
including information about symptoms, tests, diagnoses, epidemi-
ologic factors and anatomy.
In this paper we describe the development of TRAK (Taxonomy
for RehAbilitation of Knee conditions), an ontology that formally
models information relevant for epidemiologic studies of knee
conditions.2. Methods
As explained in Section 1, there is an evident gap when it comes
to formal models of care of knee conditions. The ﬁrst step in ﬁlling
this gap was to gather the relevant information and organize it into
a taxonomy. A mixed methods approach was used to deﬁne and
quantify rehabilitation content of TRAK. This was an inductive pro-
cess carried out in four stages that combined scientiﬁc evidence
with expert clinical opinion [19]. Initially, we systematically re-
viewed the existing literature to obtain an overview of the clinical
effectiveness of treatment modalities used for knee conditions.
These ﬁndings were combined with a UK-wide survey of physio-
therapists with a specialist interest in knee conditions. The results
were compiled into a comprehensive taxonomy of rehabilitation
concepts.2.1. Stage 1: Systematic literature review
Literature review was conducted to evaluate the clinical effec-
tiveness of rehabilitation modalities for the management of knee
conditions [20]. We used the World Health Organization’s Interna-
tional Classiﬁcation of Functioning, Disability and Health (ICF) [21],
as a conceptual framework to classify clinical outcomes. We in-
cluded only those studies with the outcomes related to participa-
tion, deﬁned in ICF as involvement in everyday life situations.
The PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) statement [22], was used to design the review
and report the ﬁndings. The extracted information provided an ini-
tial outline of rehabilitation concepts and modalities to be included
in TRAK and informed the design of the questionnaire used in Stage
2. A range of relevant bibliographic databases, including PubMed
[23], CINAHL [24], Amed [25], Embase [26] and Cochrane electronic
databases [27], were searched from 1996 onwards using terms re-
lated to the knee (knee joint, knee surgery, knee injury, osteoar-
thritis, patellofemoral joint and arthroplasty) and
physiotherapeutic modalities (exercise therapy, manual therapy,
electrotherapy, cryotherapy and taping). The titles and abstracts
of 4880 retrieved articles were screened using the inclusion and
exclusion criteria followed by critical appraisal. We extracted
information about the research design, intervention type, subjects,
outcome measures and ﬁndings. The 43 selected articles studied
the clinical effectiveness of the following rehabilitation concepts:
physical exercise (31), multi-modality physiotherapy regimes (7),
manual therapy (2), electrotherapy (2) and taping (1). Literaturereview revealed that there was a wide range of treatment modali-
ties available for each rehabilitation concept, with differences in
methods of application, patients groups evaluated and rehabilita-
tion settings. The full ﬁndings of the systematically literature re-
view are available in the original publication [20].
2.2. Stage 2: Questionnaire design and administration
The purpose of the questionnaire was used to further extend the
list of exercise concepts and rehabilitation modalities identiﬁed
previously during the systematic literature review. A web-based
questionnaire was designed to record the rehabilitation modalities
used by physiotherapists with a speciﬁc focus on treatments for an
anterior cruciate ligament rupture (nonsurgical management),
patellofemoral joint pain or post total knee arthroplasty. These
knee conditions were included to encompass joint and soft tissue
pathology, acute and chronic conditions and post-surgical rehabil-
itation. This would ensure that the results were relevant for most
knee conditions. Physiotherapists were asked in open-ended ques-
tions to state what rehabilitation modalities they used in practice.
The modalities were elicited for the following concepts: exercise
therapy, manual therapy, electrotherapy, ‘other’ treatment modal-
ities, and advice and information. The questionnaire also contained
a section about a professional role, experience and qualiﬁcations in
order to evaluate each physiotherapist’s specialism.
To recruit the participants for the survey, we used three strate-
gies to identify physiotherapists in the UK who had a specialist
interest in knee rehabilitation:
1. A total of 300 physiotherapy departments across the UK were
mailed using an National Health Service (NHS) hospital list
compiled from the Dr. Foster web site [28].
2. The Extended Scope Practitioners professional network [29]
was contacted and they e-mailed the questionnaire details to
63 physiotherapists with a special interest in knee
rehabilitation.
3. An advertisement was placed on the Interactive Chartered Soci-
ety of Physiotherapy (CSP) website [30].
We obtained 45 responses from a diverse sample of physiother-
apists from across the UK. Table 1 provides the relevant demo-
graphics data of the physiotherapists that completed the
questionnaire. The results demonstrate that physiotherapists do
posses an element of specialization in knee conditions. The major-
ity had advanced professional experience and spent over 25% of
their working week managing knee patients.
The raw data collected provided a total of 165 exercise-related
treatment modalities, 25 manual therapy modalities, 10 electro-
therapy modalities, 17 other modalities and 42 advice and infor-
mation topics. To deal with a large overlap and repetition of
terms used, we conducted a thematic analysis for each rehabilita-
tion concept. The most prevalent exercise-related modalities were
initially grouped into ﬁve exercise-related categories: functional
exercise, aerobic exercise, strengthening, ﬂexibility and balance.
This corresponded to exercise themes found in the literature re-
view [20]. Further, when different terms were used to describe
the same or very similar modalities, they were merged. For exam-
ple, exercises described as motor control, neuromuscular control,
postural control, joint control, muscle control, movement pattern tech-
nique, muscle activation training and movement pattern technique
and correction were all combined into neuromuscular control/
movement pattern quality. This issue highlights an urgent need
for standardization of rehabilitation terms and formal deﬁnition
of techniques for clinical practice and research.
Finally, the prevalence of use was estimated for each rehabilita-
tion modality (see Table 2). The maximum number of positive
Table 1
Demographics data for survey participants.
Respondent characteristics Response number Respondent characteristics Response number
Banding Role with knee patients
Specialist physiotherapist (band 6) 9 Research 9
Advanced physiotherapist (band 7) 22 Advanced screening duties 20
Principal physiotherapist (band 8a) 13 Rehabilitation 42
Years specializing in the management of knee conditions % of working week spent managing knee conditions
0–5 19 0–25% 8
5–10 19 26–50% 16
10+ 7 51–75% 14
76–100% 7
Table 2
The prevalence of treatment modalities.
Rehabilitation modality Response
number
Rehabilitation modality Response
number
Rehabilitation modality Response
number
Functional exercise Strengthening Electrotherapy
Function/sports speciﬁc 67 Quadriceps 80 Ice 31
Sit to stand 17 Straight leg raise 25 Ultrasound 17
Gait 42 Static 33 Interferential 14
Squats 51 Inner range 19
Other
Lunges 21 Vastus medialis oblique 21 Taping 20
Step up/down 38 Hamstring 68 Taping (patellofemoral joint) 19
Jogging 10 Gluts 60 Advice and information
Running 21 Hip 19 Activity/exercise 77
Jumps (includes plyometrics) 21 Core stability 24 Anatomy/biomechanics 21
Hops 14 Open kinetic chain 24 Long term management 13
Agility drills 14 Closed kinetic chain 40 Medical management (surgery, disease
process, investigations)
31
Multi directional/pivoting 22 Eccentric 14 Pacing/goal setting 46
Flexibility Leg press 12 Pain management/mechanisms 15
Range of motion 61 Other resistance training 19 Recovery process/timescales 32
Stretches 52 Manual therapy Rehabilitation process 58
Balance Tibiofemoral mobilization
(accessory)
23 Return to activity (activities of daily life/
hobby/sport)
35
Neuromuscular control/movement
pattern quality
42 Tibiofemoral mobilization
(physiological)
51 Rest, ice, compression and elevation 27
Proprioception 48 Patellofemoral mobilization 54 Symptoms (causes/management) 46
Single leg balance ± perturbation/
distraction
31 Mobilization with movement/
Mulligan
16
Wobble board/balance mat 21 Soft tissue massage/
mobilization
21
Aerobic exercise Soft tissue release 14
Exercise bike 39 Hold-relax 17
Cross trainer 14
Other cardiovascular 27
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pleted the questionnaire about the rehabilitation of three different
conditions). Only those modalities that received more than 10% of
positive responses were regarded as part of standard care for the
rehabilitation of knee conditions.
2.3. Stage 3: Content validation
The ﬁndings in Table 2 were used to develop a prototype of a
documentation tool for rehabilitation of knee conditions, which in-
cluded 58 treatment modalities listed under nine rehabilitation
categories. To quantify rehabilitation modalities, a time scale with
5 min increments was added for each modality. The prototype tool
was piloted over a month period within the Physiotherapy Service
of the Cardiff and Vale University Health Board (UHB). It was antic-
ipated that the range of recorded orthopedic conditions and pa-
tients would be representative of the general UK population,because the UHB is one of the largest NHS organizations providing
healthcare for a population of 445,000 individuals. Its Orthopedics
Service delivers over 10,000 surgical procedures a year, which in-
cludes routine and specialist procedures and tertiary services. It
is also recognized as a leader in training, research and patient care
[31]. This means that the Physiotherapy Service provides rehabili-
tation for a full spectrum of musculoskeletal conditions for pa-
tients over a range of backgrounds. Six physiotherapists
(2  band 6, 3  band 7 and 1  band 8a) across the UHB used
the documentation tool to record their rehabilitation practice. A to-
tal of 55 treatment sessions were documented for a wide range of
knee conditions: anterior cruciate ligament deﬁciency, anterior
cruciate ligament reconstruction, arthroplasty, arthroscopy, exten-
sor realignment, medial collateral ligament sprain, meniscal tear,
chronic knee pain, osteoarthritis, patellofemoral joint pain, quadri-
ceps/patella tendon repair, tibial spine avulsion and internal
ﬁxation.
Table 3
Time and frequency of use of treatment modalities.
Rehabilitation modality Frequency/
time
Rehabilitation modality Frequency/
time
Rehabilitation modality Frequency/
time
Functional exercise 39/355 Strengthening 32/235 Electrotherapy 0/0
Function/sports speciﬁc 4 Quadriceps 5 Ice 0
Sit to stand 4 Straight leg raise 8 Ultrasound 0
Gait 8 Static 13 Interferential 0
Squats 11 Inner range 13
Other
7/35
One leg squat 17 Vastus medialis oblique 7 Taping 0
Lunges 13 Hamstring 11 Taping (patellofemoral joint) 7
Step up/down 14 Gluts 9
Advice and information
49/460
Jogging 3 Hip 4 Activity/exercise 33
Running 0 Core stability 2 Anatomy/biomechanics 9
Jumps (includes plyometrics) 4 Open kinetic chain 6 Long term management 12
Hops 5 Closed kinetic chain 5 Medical management (surgery, disease process,
investigations)
11
Agility drills 4 Eccentric 6 Pacing/goal setting 8
Multi directional/pivoting 4 Leg press 1 Pain management/mechanisms 9
Other 2 Other resistance machines 2 Recovery process/timescales 20
Flexibility 20/120 Free weights 1 Rehabilitation process 19
Range of motion 15 Other 3 Return to activity (activities of daily life/hobby/
sport)
15
Stretches 11 Manual therapy 10/85 Rest, ice, compression and elevation 0
Other 0 Tibiofemoral mobilization
(accessory)
3 Symptoms (causes/management) 18
Coordination 20 Tibiofemoral mobilization
(physiological)
1 Other 0
Neuromuscular control/movement
pattern quality
8 Patellofemoral mobilization 2
Proprioception 9 Mobilization with movement/
Mulligan
1
Single leg balance ± perturbation/
distraction
9 Soft tissue massage/
mobilization
2
Wobble board/balance mat 3 Soft tissue release 3
Other 1 Hold-relax 4
Cardiovascular 9/65 Other 0
Exercise bike 7
Cross trainer 1
Other cardiovascular machine 6
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physiotherapists spent on each treatment category over the pilot
period and the frequency with which speciﬁc rehabilitation modal-
ities were applied (see Table 3). The preliminary data indicated
that physiotherapists spent most time providing advice and infor-
mation followed by functional exercises and then strengthening.
The only category not used by clinicians during the pilot periodTable 4
Exercise classes in TRAK.
Class Subclasses Example
Aerobic exercise 10 Jogging
Balance exercise 8 Single leg balance
Core stability exercise 5 Side plank
Flexibility exercise
Range of motion exercise 7 Knee extension
Stretching exercise 6 Hamstring stretch (lying)
Functional exercise 18 Walking
Agility exercise
Direction changing exercise 4 Figure eight running
Speed changing exercise 3 Acceleration exercise
Plyometric exercise 15 Crossover hopping
Muscle strength exercise 18 Heel raise
Resistance exercise
Elastic resistance exercise 6 Resisted hamstring curl
Weight resistance exercise 6 Leg press exercise
Sport-speciﬁc exercise 0was electrotherapy. This does reﬂect the ﬁndings of Walsh and
Hurley [32] and supports recommendations in the NICE guidelines
[33] for the management of knee osteoarthritis (providing infor-
mation, aerobic and strengthening exercise). In the future, deeper
insight into the standard care should be obtained using video
recordings of rehabilitation sessions [34].
2.4. Stage 4: Developing an ontology
To formally represent standard care for the rehabilitation of
knee conditions, information about treatment concepts and their
modalities acquired in previous stages was reﬁned and converted
into an ontology. In an attempt to standardize the terminology
used to refer to treatment concepts and integrate it with other ter-
minological sources, the Uniﬁed Medical Language System (UMLS)
was searched jointly by a physiotherapist (both practitioner and
researcher) and an informatician to obtain concept identiﬁers, syn-
onyms and deﬁnitions, where such information was available. The
curated search results and knowledge elicited from the physiother-
apist were used to reﬁne the hierarchy of rehabilitation concepts
and populate it with typical exercises that fall under the given cat-
egories. All exercises were deﬁned by the physiotherapist and illus-
trative images produced to further support their unambiguous
interpretation. This part of the ontology provides a formal model
of exercises as part of standard care of knee conditions (see Ta-
ble 4). However, to support the long term goal of consistently
Table 5
Healthcare activity classes in TRAK.
Class Subclasses Example
Diagnostic procedure 3 Subjective examination
Diagnostic imaging 4 Magnetic resonance
imaging
Physical examination 43 McMurray test
Outpatient care 8 Goal setting
Therapeutic or preventative
procedure
5 Self-management
Complementary therapy 2 Acupressure
Outpatient care 8 Goal setting
Pharmacotherapy 3 Injection of therapeutic
agent
Physical therapy 2 Biofeedback
Application procedure 2 Application of strapping
Manual therapy 2 Passive stretching
Soft tissue technique 5 Neural mobilization
Therapeutic mobilization 5 Hold relax technique
Physical agent therapy 5 Cryotherapy
Surgery 7 Arthroplasty
K. Button et al. / Journal of Biomedical Informatics 46 (2013) 615–625 619and unambiguously capturing other information relevant for the
rehabilitation of knee conditions, we expanded it beyond the reha-
bilitation treatments. Three main types of additional information
needed include the classiﬁcation of knee conditions, healthcare
activities used to diagnose and treat them and anatomical loca-
tions affected by knee conditions. The following subsections de-
scribe the development of these three major branches in the
TRAK ontology. Note that the healthcare activities include the
remaining part of standard care not covered by exercises (e.g. man-
ual therapy).
2.4.1. Knee conditions
In order to systematically classify knee conditions, we initially
referred to the Orchard Sports Injury Classiﬁcation System (OSICS)
Version 10 [35], which can be used to support epidemiologic re-
search [36]. We extracted a portion of OSICS-10 describing injuries
in the knee region and incorporated it into the ontology as a taxo-
nomic classiﬁcation, which is modeled as an information content en-
tity. All imported concepts were cross-referenced to OSICS-10
using its four-letter codes (e.g. intraarticular femoral fracture was
cross-referenced to KFFI) to facilitate the re-use of OSICS-coded
data and their integration with TRAK in future studies.
OSICS-10 is a classiﬁcation system in which all classes encom-
pass two types of information: (1) type of condition (injury or dis-
ease) and (2) anatomical entity affected by the condition. Our
approach to formal modeling of knee conditions was to separate
these two aspects and represent them by two distinct semantic
types. We searched the UMLS for all types of injuries described
in OSICS-10 (e.g. fracture, sprain, tear, etc.) and classiﬁed these con-
cepts under injury, a class re-used from Ontology for General Med-
ical Science (OGMS) [37]. Additional category disease, also deﬁned
in OGMS, was introduced as a sibling to injury to represent knee
conditions that cannot be classiﬁed as injuries. Terms elicited from
the physiotherapist were used to search the UMLS and populate
this class with relevant concepts (e.g. arthritis, bursitis, popliteal
cyst, etc.). We introduced another sibling class phenotypic abnor-
mality, the top-level class from the Human Phenotype Ontology
(HPO) [38], to model anatomical and biomechanical abnormalities
that either occur in the knee region (e.g. dysplastic patella) or have
shown to be correlated with knee injuries (e.g. antalgic gait). Final-
ly, some of the knee conditions may be treated operatively, from
which secondary medical conditions may arise (e.g. hematoma,
infection, etc.). We, therefore, introduced additional class postoper-
ative complication to complement the three main classes describing
a wide spectrum of knee conditions: injury, disease and phenotypic
abnormality. These four types of knee-related conditions were clas-
siﬁed under pathological condition, a class deﬁned in BioTop [39],
an upper domain ontology for biomedicine, as a subclass of contin-
uant, an upper-level class we accepted from the Basic Formal
Ontology (BFO) [40].
All four subclasses of pathological condition are related to
associated symptoms. We introduced a single class symptom de-
ﬁned in OGMS as ‘‘A quality of a patient that is observed by the pa-
tient or a processual entity experienced by the patient, either of
which is hypothesized by the patient to be a realization of a disease.’’
Therefore, symptom can be interpreted as undiagnozed disease or
injury and as such they share general properties such as onset,
chronicity, severity and progression. In addition, symptom is of-
ten the target of medical treatment, e.g. pain is relieved with
analgesics, swelling is reduced by cold therapy, etc. Similarly,
diagnostic procedures do not necessarily apply to diseases or
injuries, but often to a symptom, e.g. swelling test, tenderness
on palpation, pain elicitation, etc. Obviously, the symptom class
can be described in terms of similar attributes (e.g. duration)
and relationships to other classes (e.g. pharmacologic substance)
that are applicable to other subclasses of pathological condition.Indeed, a symptom can be viewed as a pathological condition of
the patient. The symptom class was initially populated with gen-
eric symptoms such as pain, locking and swelling. elicited from
the physiotherapist and cross-referenced to the UMLS. The gener-
ic classes of symptoms were subsequently expanded with more
speciﬁc concepts obtained from the UMLS by searching for the gi-
ven terms (e.g. pain, locking, swelling, etc.) in combination with
the word knee. The results were manually curated by the physio-
therapist and informatician in order to organize them into a hier-
archy. For example, we collected 52 concepts related to knee pain
and organized them into a hierarchy of ﬁve levels, which allows
detailed information about the type of pain experienced by a pa-
tient to be encoded using TRAK, e.g. knee pain elicited by ﬂexion
at speciﬁed angle.
While grouping the similar classes together under pathological
condition can facilitate intuitive search on one hand, their main dif-
ferences need to be stated explicitly in order to support unambig-
uous interpretation on the other hand. This was achieved by
aligning them against OGMS and additionally classifying them as
either disposition, disorder, material entity or quality.2.4.2. Healthcare activities
Health care activity (see Table 5), the second major class related
to knee conditions, incorporates the physical therapy modalities
described previously (see Section 2.3), e.g. manual therapy. To en-
able encoding of other available treatment options, we also in-
cluded the surgery class, which was populated with the relevant
concepts from the UMLS identiﬁed using search terms elicited from
the physiotherapist, e.g. arthroplasty, arthroscopy, osteotomy, etc.
Similarly, we included the pharmacotherapy class, which covers
oral administration, application of a topical agent and injection of
therapeutic agent. Typical pharmacologic substances used in treat-
ment of knee conditions such as acetaminophen, corticosteroid injec-
tions and glucosamine. were listed separately in the corresponding
class. Finally, the health care activity was completed by adding the
diagnostic procedure subclass, which was further subdivided into
diagnostic imaging, performance test, physical examination and sub-
jective examination. Physical examination is the largest subclass,
which includes 43 knee tests mapped explicitly to the conditions
they are used to diagnose, e.g. Hughston plica test diagnoses syno-
vial plica of knee, anterior drawer test diagnoses chronic ACL insufﬁ-
ciency or acute ACL injury, etc. In accordance with a general trend of
moving toward self-management of knee conditions, self-assess-
ment was linked to a number of questionnaires, which can be used
Table 6
TRAK ontology metrics.
Metrics Value
Number of classes 1292
Number of relationships 16
Number of class associations 518
Maximum depth (is_a relationship) 12
Average depth (is_a relationship) 8
Maximum number of siblings 43
Average number of siblings 4
Classes with a single subclass 56
Classes with more than 25 subclasses 1
Classes with no deﬁnition 488
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(KOOS) [41], Tegner Activity Scale (TAS) [42], Western Ontario and
McMaster Universities Osteoarthritis (WOMAC) score [43], etc. These
questionnaires were identiﬁed through PubMed searches, as most
of them could not be found in the UMLS.
2.4.3. Anatomy
Going back to the classiﬁcation of knee conditions, all OSICS-10
concepts were mapped to the relevant subclasses of material ana-
tomical entity, e.g. distal femoral fracture (coded in OSICS-10 as
KFFX) is related by means of occurs_in to femur, a bone classiﬁed
as material anatomical entity. In TRAK, the role of the material ana-
tomical entity class goes beyond coding the locations of knee con-
ditions. It is also used to link the relevant parts of anatomy
engaged or targeted by speciﬁc exercises used as part of knee reha-
bilitation, which can be helpful when developing or assessing exer-
cise programs. We imported the relevant knowledge about human
anatomy from the Foundational Model of Anatomy (FMA) [44], an
ontology whose initial development was supported by the UMLS
with the aim of enhancing its anatomical content. FMA formally
represents concepts and relationships that enable symbolic model-
ing of human anatomy in a form that is readable by both comput-
ers and humans. It is intended to act as a reference ontology that
incorporates anatomical knowledge that can be reused and gener-
alized as necessary for different knowledge-based applications in
biomedical informatics. We re-used the relevant portions of FMA
to model the parts of anatomy that are relevant to rehabilitation
of knee conditions.
We focused on the general anatomical classes (e.g. bone,
muscle, nerve, etc.) and populated them with the relevant con-
cepts such as those related to the lower extremities (e.g. femur,
quadriceps, femoral nerve, etc.). The inclusion criteria were based
on the relevance for knee injuries and rehabilitation modalities.
Naturally, the most detailed information was concerned with
the knee itself, including its constitutional parts (e.g. knee liga-
ment, knee tendon, patella, etc.), which were further subdivided
into their own constitutional (e.g. anterior cruciate ligament) and
regional (e.g. apex of patella) parts. This level of detail together
with the classes that describe various medical conditions (see
Section 2.4.1) enables precise description of knee conditions,
which can support future collection of detailed epidemiologic
data in a systematic manner. Apart from the knee itself, we in-
cluded high-level descriptions of other related concepts relevant
in physiotherapy of knee conditions. For example, we included
descriptions of muscles (e.g. tibialis, hamstring, erector spinae,
etc.) and joints (i.e. hip and ankle) that have a functional role in
performing exercises as part of knee rehabilitation. These rela-
tions between anatomical concepts and exercises were explicitly
coded in TRAK.
While re-using portions of FMA relevant for knee rehabilitation,
we largely preserved the structure of FMA with a view of further
expanding TRAK to support modeling physiotherapy in general.
We departed from the general structure in the way we organized
skeletal muscles. While FMA organizes them according to their
anatomical location, it was more appropriate to organize them
by their function relative to joints for the purposes of modeling a
subdomain of physiotherapy. We, therefore, divided skeletal mus-
cles into subclasses of muscles acting on knee, ankle and hip as
well as muscles of trunk. We also simpliﬁed the way in which
we organized peripheral nerves as the way in which they were
modeled by means of segment of neural tree organ subclasses
reﬂecting the tree structure of peripheral nerves using is_a relation
was too complex for the purposes of TRAK. We simply, grouped to-
gether all relevant peripheral nerves (e.g. femoral nerve, saphenous
nerve, etc.) and classiﬁed them as such, whilst still preserving the
branch_of relationships between them.3. Results and discussion
In this section, we present the key features of the TRAK ontol-
ogy. It currently incorporates 1292 concepts linked by a total of
16 semantic relationships organized hierarchically using the is_a
relation. Concepts were annotated with their (preferred) name,
deﬁnition, synonyms, unique identiﬁer and cross-references to
other authoritative source of relevance to this application. Table 6
provides the summary of the TRAK ontology in terms of several
statistical and quality-control metrics. In terms of size, TRAK
(1292 concepts) is a medium-to-large ontology compared to some
other biomedical ontologies. For example, the median average size
of ontologies on BioPortal [45], a web portal that provides a uni-
form mechanism to access biomedical ontologies, is currently
616. However, in terms of coverage of such a complex domain, it
is still expected to grow over time. Indeed, not many biomedical
ontologies can be regarded complete [46]. Ontologies must adapt
to our ever expanding knowledge and with respect to other rele-
vant ontologies and organizational principles. Active changes in
an ontology instill conﬁdence in its users and contributors that
the ontology can respond to community needs and has some de-
gree of community support. It is therefore important to emphasize
that the initial version of TRAK is expected to develop over time
through community engagement and feedback gained through its
future applications as outlined later in Section 3.9.3.1. Format
TRAK is encoded in OBO ﬂat ﬁle format, version 1.2 [47]. OBO is
a text ﬁle format used by OBO-Edit, an open-source, platform-inde-
pendent application for viewing and editing ontologies [48]. OBO
follows the tag-value format, where each tag-value pair consists
of a tag name and the tag value. The eight pre-deﬁned OBO tags
used to represent TRAK are given in Table 7. For those more famil-
iar with the Web Ontology Language (OWL), a Semantic Web lan-
guage supported by the World Wide Web consortium that allows
ontologies to be expressed in various dialects [49], Table 7 provides
the OWL equivalents of OBO tags [50]. If needed, TRAK ontology
can be converted to OWL automatically [51]. The following subsec-
tions describe in more detail how OBO tags were used in TRAK.3.2. Name
The name tag was used to specify the preferred name of a con-
cept in TRAK, e.g. the preferred name of posterior thigh muscle is
hamstring. In general, we strived to preserve the preferred names
from the cross-referenced sources, but in some cases we have
opted for other names for simplicity reasons and to preserve the
internal consistency in naming conventions.
Table 7
OBO tags.
Tag Deﬁnition OWL
id The unique identiﬁer of the current concept URI
name The preferred concept name rdfs:label
synonym A synonym of the concept’s name. Optionally, the synonym scope may be speciﬁed using
one of four values: EXACT, BROAD, NARROW and RELATED
owl:AnnotationProperty hasSynonym
def The deﬁnition of the current concept owl:AnnotationProperty hasDeﬁnition
xref A reference identiﬁer that corresponds to an analogous concept in an external source owl:AnnotationProperty hasDbXref
idspace A mapping between a local ID space and an external ID space owl:AnnotationProperty hasIdSpace
is_a A subclass relationship to another concept rdfs:subClassOf
relationship A typed relationship to another concept <rdfs:subClassOf> <owl:Restriction>
<owl:onProperty . . . />
<owl:someValuesFrom . . ./>
</owl:Restriction></rdfs:subClassOf>
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The synonym tag was used to specify an alternative name of a
concept in TRAK. It was used to indicate different spelling variants
(e.g. tensor fascia lata vs. tensor fasciae latae), commonly used acro-
nyms (e.g. anterior cruciate ligament vs. ACL) and all other types of
synonyms (e.g. spine vs. vertebral column). All names, either pre-
ferred or alternative, were given in singular with the exception of
repetitive exercises, which are typically referred to in plural (e.g.
squats, lunges, steps, etc.). All synonyms were followed by a scope
modiﬁer to indicate whether the synonym is EXACT, NARROW or
BROAD. Most synonyms in TRAK are exact synonyms with few
exceptions such as role, which is used as a broad synonym for pro-
fessional role.
3.4. Deﬁnition
The def tag was used to specify the meaning of a concept in
TRAK, e.g. the deﬁnition of pain is ‘‘The sensation of discomfort, dis-
tress, or agony, resulting from the stimulation of specialized nerve
endings.’’ Deﬁnitions are followed by references, which were used
to specify their provenance. Most deﬁnitions were re-used from
an authoritative source, e.g. UMLS. Where no suitable deﬁnition
was readily available, it was elicited from a domain expert. For
example, most exercise deﬁnitions were provided by a physiother-
apist. Deﬁnitions were not provided where the meaning could be
inferred from terms themselves or related terms. For example,
terms describing speciﬁc abilities such as ability to perform general
purpose physical activities are self-descriptive, thus can be inter-
preted correctly without a deﬁnition. Similarly, the meaning of
terms (e.g. hamstring tendon) composed of terms already deﬁnedTable 8
External resources cross-referenced in TRAK.
Ontology BioPo
Basic Formal Ontology (BFO) [40] 1332
Chemical Entities of Biological Interest (ChEBI) [52] 1007
Clinical Measurement Ontology (CMO) [53] 1583
Foundational Model of Anatomy (FMA) [44] 1053
BioTop [39] 1134
Human Phenotype Ontology (HPO) [38] 1125
Information Artifact Ontology (IAO) [54] 1393
Ontology for Biomedical Investigations (OBI) [55] 1123
Ontology for General Medical Science (OGMS) [37] 1414
Orchard Sports Injury Classiﬁcation System (OSICS) [35]
Phenotype And Trait Ontology (PATO) [56] 1107
UMLS Metathesaurus [57]
UMLS Semantic Network [57]
No cross-reference(hamstring and tendon) can be inferred from their respective
deﬁnitions.
3.5. Cross-references
The xref tag was used to specify the reference identiﬁer of the
equivalent concept in an external source including other ontologies
(e.g. joint is cross-referenced with FMA:7490), vocabularies (e.g.
Borg scale is cross-referencedwithUMLS_CUI:C0449399), databases
(e.g. acetaminophen is cross-referenced with CHEBI:46195), etc. The
cross-referenced concepts in external sources can be accessed by
attaching the given identiﬁer to the preﬁx speciﬁed in the corre-
sponding namespace, e.g. idspace: OBI http://purl.obolibrary.org/obo/
OBI_ ‘‘Ontology for Biomedical Investigations’’. There are 288 concepts
with no reference identiﬁer attached, the majority of which repre-
sent exercise-related concepts including speciﬁc exercises (e.g.wall
squats) and sports (e.g. standard long distance running) and injury-re-
lated concepts including manual knee tests (e.g. Nakajima test) and
speciﬁc movements correlated with sports injuries (e.g. crossover
cut). Table 8 provides details about the distribution of reference
identiﬁers across the resources. Most of the cross-references re-
sources are ontologies, which can be accessed through BioPortal
[45] by attaching the given identiﬁer to the base URL: http://biopor-
tal.bioontology.org/ontologies/. TRAK most notably re-uses 205
FMAclasses,which account for 16% of TRAK. This decisionwasmoti-
vated by the need to reduce the complexity of FMA (a total of 83,281
classes) for knee speciﬁc applications, explicitly model relations to
these classes (e.g. trigger point therapy is performed on skeletal mus-
cle), and most importantly make TRAK self-contained and easily
shared. TRAK indeedre-uses theknowledgeavailable inexistingbio-
medical ontologies wherever possible. However, the main effort inrtal ID Total Example
8 Process
3 Corticosteroid
24 Heart rate
205 Popliteal fossa
1 Pathological condition
15 Genu valgum
3 Data item
1 Questionnaire
8 Diagnosis
115 ACL graft rupture
49 Physical quality
875 Abduction
20 Medical device
288 Pivot
Fig. 1. An image used to illustrate rotational lunges.
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overlap with any existing efforts in the community.
3.6. Images
Illustrative images were provided for some types of concepts to
further support their unambiguous interpretation. For example,
speciﬁc exercises were illustrated by overlaid photographs of a
model performing the exercises (see Fig. 1 for an example). Rele-
vant parts of knee anatomy were illustrated using MRI scan
images. An image is linked to the corresponding concept via its
identiﬁer. For example, the image for the concept forward lunges
with TRAK identiﬁer 0000406 is named TRAK_0000406.jpg. This
mapping is used by the OBO-Edit ontology editor to present the
linked image in the Term Image Display Panel. This capability
was tested successfully with OBO-Edit version 2.1.1-beta7.
3.7. Relationships
The is_a relationship was used to provide the main taxonomic
structure. Fig. 2 depicts the upper-level hierarchy of TRAK based
on BFO at the upmost level: the top-most class is entity, which is
divided into continuant (endurant) and occurrent (perdurant). The
next level concepts re-used from BFO are material entity, role and
process. They were combined with relevant concepts from other
ontologies: information content entity (from IAO), material anatom-
ical entity (from FMA), quality (from PATO) and pathologic condition
(from BioTop). At lower levels, concepts were mainly re-used from
UMLS and OGMS to group concepts describing health-related
activities (see activity) and health conditions (see pathologic
condition).
The relationship tag was used to specify all other relations be-
tween concepts. All relationships were organized into a hierarchy
following the hierarchical organization of relations in the UMLSSemantic Network. Table 9 provides hierarchy of 16 relationships
used in TRAK together with the total number of the corresponding
concept associations and their examples. Unlike low-level relations
(e.g. occurs_in), top-level relations (e.g. conceptually_related_to) are
not used to associate concepts explicitly. They serve a different
practical purpose and that is solely to group relations of the same
semantic type together. This makes it easier for human users to
browse available relations. It also provides support for query
expansion in text and data mining applications of TRAK (see
Section 3.9).
3.8. Availability
The latest version of TRAK ontology in the OBO format is avail-
able for download from http://www.cs.cf.ac.uk/trak. In addition, its
public release can be accessed through BioPortal, a web portal that
provides a uniform mechanism to access biomedical ontologies
and terminologies provided in different representation formats,
including OBO and OWL [45]. The following URL provides direct ac-
cess to TRAK on BioPortal: http://bioportal.bioontology.org/ontolo-
gies/3210, where it can be browsed, searched and visualized.
3.9. Applications
The immediate application of TRAK is the support for shared
understanding of ‘standard care’ in knee rehabilitation. This can
be used for unambiguous knowledge exchange between experts,
both healthcare professionals and researchers, as well as support
for structured training in the physiotherapy of knee conditions.
Further, the highly non-standardized terminology makes it difﬁcult
to search the literature in a systematic way. TRAK can support
information retrieval applications by providing vocabulary and
taxonomy that can be used for query expansion in this sub-domain
as well as semantic searching. Similarly, it can be used to mine text
Fig. 2. Upper-level hierarchy of TRAK with deﬁnitions of upper-level classes imported from the cross-referenced sources.
Table 9
Hierarchy of relations used to associate concepts in TRAK.
Relation Times used Example of associated concepts
associated_with
conceptually_related_to
diagnoses 78 Diagnostic procedure State
measures 3 Diagnostic procedure Organismal quality
functionally_related_to
affects 15 Balance exercise Balance
occurs_in 95 Arthritis Joint
performs 141 Psoas muscle Flexion
performed_on 32 Trigger point therapy Skeletal muscle
uses 89 Daily or recreational activity Exerciser
physically_related_to
branch_of 4 Saphenous nerve Femoral nerve
part_of
constitutional_part_of 26 Meniscus Knee joint
regional_part_of 29 Patellar retinaculum Vastus medialis
systemic_part_of 6 Spine Skeletal system
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MRI scans of the knee described by a radiologist).
Most importantly, TRAK provides structure that can be used to
collect coded data in sufﬁcient detail to support epidemiologic
studies much in the way Read Codes, a coded thesaurus of clinicalterms [58], are used to record observational data in the Clinical
Practice Research Datalink (CPRD) – formerly known as the Gen-
eral Practice Research Database (GPRD) [59]. CPRD is a longitudi-
nal, anonymized database of over 11 million patient records
obtained from approximately 700 primary care practices in the
624 K. Button et al. / Journal of Biomedical Informatics 46 (2013) 615–625UK that are chosen to be representative of the country both geo-
graphically and demographically. CPRD has become a gold stan-
dard for epidemiologic studies leading to important clinical
ﬁndings described in nearly 900 publications.
Physiotherapy research stands to gain signiﬁcant beneﬁts from
a similar data collection model. At the moment, such data is not
available in the CPRD, since detailed data related to knee condi-
tions will only be collected in physiotherapy departments that fall
outside of the primary care. Moreover, most physiotherapy pa-
tients will be self-managing their conditions outside of physiother-
apy departments. Finally, there have been few attempts (e.g. [35])
to systematically represent the knowledge in the physiotherapy
domain that can be exploited in medical informatics applications.
In this respect, physiotherapy is lagging behind other medical do-
mains in which work is well underway to support medicine as an
information science. For example, BioPortal [45] lists at least 15
ontologies of direct relevance for cancer research. TRAK will serve
to bridge the terminological gap in physiotherapy of knee condi-
tions and drive the development of data collection tools in both
clinical and home setting. Work is already underway to develop
user-friendly interface for collection of TRAK-coded data from pa-
tients by taking advantage of the Web 2.0 technologies and mobile
devices to monitor the progress of knee rehabilitation outside of
the traditional clinical boundaries. TRAK will enable systematic
data capture of information relevant for studying the effectiveness
of different approaches to rehabilitation of knee conditions paving
the way for new advances in physiotherapy.4. Conclusions
In this study we deﬁned standard care for the rehabilitation of
knee conditions and incorporated its formal description into an
ontology called TRAK. The investigation into the standard care
was supported by evidence from a systematic literature review
and expert opinions elicited with a questionnaire, which was used
to compile the initial taxonomy of treatment concepts and their
modalities. Clinician feedback, where each treatment was quanti-
ﬁed with the time typically spent on it in clinical practice, was used
to establish content validity. The UMLS was searched in order to
standardize knee rehabilitation terminology and integrate TRAK
with other relevant knowledge sources. By formally distinguishing
a variety of treatment concepts and modalities, TRAK allows their
individual quantiﬁcation and analysis in predictive models that
evaluate recovery. This addresses the limitations of previous ran-
domized control trials (RCTs) where multiple treatment modalities
have been applied simultaneously [60–62] so that the modality
that is most beneﬁcial to the patient is unknown. Alternative stud-
ies have focused on individual modalities, but did not reﬂect the
complexity of clinical practice [63], which was highlighted in this
study. TRAK can be used to improve the standard of future RCTs
so that the most effective treatment components can be identiﬁed
and new interventions developed that focus on these. Moreover,
TRAK can support RCTs by allowing an experimental intervention
to be compared to a control intervention that is well deﬁned and
reﬂects clinical practice. The machine readable format of TRAK
can also support development of data collection tools, which, when
embedded into the Web 2.0 environment, can be incorporated into
a web-based intervention and allow studying of knee rehabilita-
tion outside of the traditional clinical boundaries. This capability
is essential in light of the ﬁndings of our investigation into the
standard care, which indicated that physiotherapists use a range
of treatment modalities but spend most of their treatment time
on providing advice and information. This suggests that physio-
therapists may be using a self-care treatment model [64], therefore
RCTs need to be supported by data provided by patients them-selves. TRAK provides formal framework with sufﬁcient clinical
relevance, which can be seamlessly integrated into user-friendly
web and smartphone applications (e.g. self-monitoring tools for re-
mote feedback on the rehabilitation progress), in order to support
the necessary quality of such data.Ethical approval
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